We employ ultra-high vacuum (UHV) Raman spectroscopy in tandem with angle- 
Introduction
Raman spectroscopy is the most widely used characterization method for graphene. [1] [2] [3] [4] The electron and phonon systems of graphene are strongly coupled to each other by electronphonon interactions. 5, 6 These interactions manifest as "kink" features in the electronic spectral function [7] [8] [9] [10] [11] [12] and as Kohn anomalies in the phonon dispersion relations around the Brillouin zone (BZ) center (Γ point) and corners (K points). 5, 6 As a consequence, the carrier concentration of graphene sensitively affects the position, line shape and intensity of the first-and second order Raman spectra corresponding to these phonon modes. The effects of phonon renormalization due to the removal of the Kohn anomaly or lattice expansion on the phonon energy are quantitatively understood. 5 Phonon renormalization results in a phonon upshift for Fermi level positions higher than half the phonon frequency (measured from the Dirac point) and lattice expansion results in a phonon downshift. 5, 6 Experimentally, phonon hardening has been observed in Raman measurements where the charge carrier concentration of graphene has been tuned by field effect gating 6, 13 or by ionic liquid gating.
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The latter approach has been used to induce large carrier densities of 6 × 10 13 cm −2 (Ref. 15) . Even for such high carrier concentrations, phonon hardening due to phonon self-energy corrections dominates. 5 However, when the carrier density is in the 10 14 cm −2 range that has already been probed by transport 17, 18 , the Fermi energy can be in the vicinity of the van Hove singular energy at the M point in the Brillouin zone and phonon softening will then dominate. Achieving and probing high carrier densities is fundamentally important for both conventional [19] [20] [21] and chiral superconductivity 22 in monolayer graphene. The latter case requires the Fermi level to touch the saddle point van Hove singularity at the M point in the two-dimensional (2D) BZ. In this case, the Fermi surface of graphene assumes a closed shape centered at the Γ point rather than two surfaces centered around the K and K points.
The transition of topology from two Fermi surfaces to one Fermi surface marks the Lifshitz transition 23 in graphene.
The present work aims at understanding the peculiar Raman spectrum of graphene at the Lifshitz transition and unravelling the deep underlying connection between electronic band structure and phonon renormalization in heavily doped graphene. To that end we synthesize Cs doped graphene up to the highest achievable carrier concentrations. The energy bands are renormalized significantly due to doping and are probed by angle-resolved photoemission spectroscopy (ARPES) for each doping step. Despite Raman spectroscopy is typically not considered a surface science method, we present an original ultra-high-vacuum (UHV)
Raman setup empoloying a commercial Raman system that is coupled to a UHV system.
From these experiments we can relate the observed changes in the vibrational and electronic spectrum to band structure changes. We thus obtain a complete picture of the coupled electron-phonon system in epitaxial graphene.
McChesney et al. already experimentally observed the Lifshitz transition in heavily doped
graphene using ARPES. 24 Their key finding was that the band structure of heavily doped graphene is strongly renormalized, yielding a flat conduction band at the Fermi level, i.e. an extended van Hove singularity. 24 Importantly, the renormalization also reduces the transition energy at the saddle point between valence and conduction bands. Indeed, Mak et al. found that the energy of the M point transition is reduced by ∼200 meV when going from charge neutrality to 1 × 10 14 carriers per cm 2 (Ref. 25) .
For graphene, the first-order Raman spectrum due to zone-center optical phonons with in-plane polarization (the G band) shows an asymmetric Fano lineshape if graphene is doped by field effect gating 26 or alkali metal doping 27 . This lineshape is reproduced theoretically by considering the interference between a discrete transition (phonon) to a continuum (excitation of electron-hole pairs) which is known as electronic Raman spectra (ERS).
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The Fano lineshape of the G band is more pronounced for larger doping levels 26 and for a higher layer number. 27 The most pronounced Fano asymmetries are obtained in stage 1
graphite intercalation compounds such as KC 8 . 32,33 Doping also has a strong influence on the G band intensity 34 which is determined by quantum interference in the Raman scattering pathways. 15, 35 Upon doping, transitions between two occupied (unoccupied) states are forbidden by Pauli blocking and do not contribute to the total Raman intensity. As a consequence, the G band intensity as a function of doping level is peaked for the condi-
Here E F is the Fermi level position measured from the charge neutrality point, E laser the excitation energy and E ph the G band phonon energy.
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Apart from the limits regarding carrier concentration, ionic liquid gating experiments also block the direct access to the sample surface. This precludes direct observation of the electron energy band structure of gated graphene by ARPES. It thus prohibits a detailed understanding of the non-rigid band shifting and electron-phonon coupling in heavily doped graphene that has been achieved for chemically doped graphene. 
Experimental Results
Electronic structure of Cs doped graphene/Ir(111)
In Figure 1a we show ARPES spectra of pristine and Cs doped graphene. For each amount of deposited Cs, we also have performed structural characterization by LEED (see supplementary information). Pristine graphene on Ir(111) (see Methods section for details pertaining synthesis) has the R0 structural phase. 42 This is confirmed by the moiré pattern observed in LEED. The moiré pattern is a result of corrugations due to chemically modulated substrate interaction. 43 It hosts weakly covalently bonded regions with a small charge transfer from graphene to Ir(111). 43 Using ARPES (Figure 1a ) we find in agreement to previous (see Figure 1a) we already see marked deviations from the usually observed trigonal warping in ARPES. As is shown in Figure 1a (bottom row), the warping direction changes from convex to concave. We are able to reach a value of n = 4.4 × 10 Figure S2 (e)] still shows sharp spots in a hexagonal pattern that are due to graphene.
Raman spectrum of epitaxial graphene/Ir(111)
In Figure 2 we show the Raman spectra at T=300 K and at T=5 K of epitaxial graphene/Ir (111) measured by lasers with wavelengths 633 mm, 532 nm, 442 nm and 325 nm. The depicted spectra are the average over 25 points chosen along a scan across 120µm on the surface. In principle, for interpretation of the observed temperature-dependent spectra, in-plane strain and wrinkle formation due to the different thermal expansion coefficient of graphene and the Ir substrate must be considered. [47] [48] [49] Only the ultraviolet (UV) laser (325 nm) results in a strong Raman signal at room temperature. Upon cooling, the spectra taken by 532 nm and 442 nm excitation show a weak Raman signal which could be a sign of temperature induced changes in the substrate interaction. These observations extend previous works reporting the absence of a Raman signal for graphene/Ir(111) that belongs to the R0 structural phase for visible excitation at room temperature. 42 So far, no quantitative explanation regarding the absence of a Raman signal for visible laser excitation for R0 graphene on Ir(111) has been given. We speculate that it could be explained in terms of minigaps 44 which appear at certain energies in the band structure. It has been shown by ARPES that the minigaps are in all directions around K point and close nowhere. 50 If the laser energy hits a minigap, no electrons can be excited between the valence and conduction π bands of graphene and the Raman intensity is supressed. The high quality of graphene is also corroborated by the absence of a defect related D peak. Interestingly the 2D peak is absent in all measurements.
This observation is in agreement to previous works and might be related to the short lifetime of photoexcited charge carriers in graphene adsorbed on metals which supress the 2D intensity.
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Temperature induced strain in epitaxial graphene
Let us now move to the Raman analysis of strain 52, 53 induced by the temperature dependent change in the lattice constant. For epitaxial graphene on Ir, the thermal expansion of graphene essentially follows the substrate. 54 The nonlinearity in T of the thermal expansion coefficient α(T ) of iridium must be taken into account. 55, 56 To accurately describe the ex- 
Raman spectrum of Cs doped graphene/Ir(111)
We have used a Fano lineshape 30, 36, 58, 59 to fit the G band Raman spectra for all doping levels by
Here I 0 is the Raman intensity, ω 0 the line position, γ the full width at half maximum and 1/q the asymmetry (or Fano) factor which describes the strength of the interference effect between the discrete and continuous spectra. 
Discussion Electronic Raman scattering
In the electronic Raman scattering, the photoexcited electron and hole couple to electronic excitations via the Coulomb interaction and can generate one or more electron-hole pairs.
The large density of states in heavily doped graphene around the M point enhances the cross section for electronic Raman scattering. In the Figure 5(a,b) we graphically depict the relaxation processes which we consider in the calculation. We consider first order (creation of one electron-hole pair) and second order (creation of two electron-hole pairs) processes. The Coulomb interaction is affected by the dielectric screening of the substrate which is strong for the Ir substrate ( = 50) 60 . As a consequence, only the first-order process (wavevector q = 0) is dominant for Ir. This is depicted in Figure 5c . We note that this first-order process excites an intraband electron-hole pair whose Coulomb interaction is maximum at wavevector q = 0. This process is completely different from the interband electron-hole pair excitation in the low doping regime, in which the direct Coulomb interaction vanishes at
Interference between the first-order electronic Raman scattering (ERS) (shown by the green line) and the G band (red line) produces the asymmetric Fano lineshape towards larger wavenumber (1/q > 0). Figure 5d depicts the simulated Raman spectra of highly doped graphene on SiO 2 substrate. Due to the relatively weak screening effect ( = 4), the second order Raman (q = 0) process overcomes the first-order process thanks to the double resonant effect. The resulting Raman spectra are asymmetric towards the lower wavenumber Here α is a parameter that describes the scaling of the theoretical doping dependence for freestanding graphene due to the effects of the Ir substrate. We have shown in Figure   2 (temperature dependence) that the lattice constant of graphene perfectly follows the Ir substrate. Due to the strong interaction, graphene's expansion due to doping will also be affected and hence α = Figure 6a that the observed maximum G band frequency downshift from undoped graphene is ∼50 cm (pristine graphite) to 1.4320Å (stage 1 GIC) 62 corresponding to a 0.7% increase in the lattice constant. The small differences to the present case could be ascribed to the higher doping level that we have achieved in the present case corresponding to a shift of the charge neutrality point to E D = 1.58 eV whereas the stage 1 KC 8 GIC has E D = 1.35 eV. 63 . Interestingly, the theoretically expected downshift for the carrier concentrations achieved is much larger which is described by α = 0.18. We attribute this to two effects. First, the substrate interaction is strong despite Cs is intercalated in between graphene and the substrate. This is evident from the temperature dependent Raman spectra of the √ 3 × √ 3 phase where the C-C lattice constant is following the Ir substrate. It is clear that the substrate interaction can hinder the lattice expansion which would result in α < 1, as we have observed. Additionally substrate interaction can cause the formation of wrinkles. Second, regarding the very large difference between experiment and theory, the analytical expression for ω static is derived from DFT calculations and perhaps not sufficiently accurate to describe the very high doping levels considered here. Figure 3c ).
Conclusions and outlook
In conclusion, we have established a fully experimental relation between energy shift and should also lead to low-energy Raman peaks with an energy roughly equal to the size of the superconducting gap. 69 Theory predicts that this holds for both, s-wave and d-wave superconducting graphene at doping levels close to what is shown in the present work.
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The Raman intensity of these low-energy peaks has been estimated to be approximately a factor 1000 lower than the G band intensity. 69 Given, the comparably low Raman intensity of graphene on metals with respect to graphene on insulators, we estimate that the electronic Raman peaks at low wavenumber will be hard to measure for the present graphene/Ir (111) system. An approach for addressing this problem is to carry out the present experiment with graphene transferred onto an an insulating substrate. The large Raman response of graphene on insulators compared to graphene on metals could be a key to measure the appearance of low wavenumber Raman peaks when the temperature is below T c . Thus, a future experiment could be to perform doping graphene into the superconducting state after it is transferred onto an insulator. Having doped graphene on an insulator inside UHV would in principle also allow for electrical transport characterization. To that end, the presented UHV Raman setup can be extended via electrical feedthroughs into the UHV chamber. In such a setup, the Raman spectrum and the four-point resistance could be measured simultaneously as a function of alkali doping. This could provide strong evidence for the existence of of a superconducting phase and elucidate its Raman response. Finally, such a work could also be extended to doped bilayer graphene with a relatively higher critical temperature 21 and doped heterostructures composed out of different van-der-Waals materials.
Methods Synthesis
Graphene/Ir(111) has been synthesized in-situ in the preparation chamber attached to the UHV Raman system, using an established recipe 71 that yields monolayer coverage by a selflimiting process. 72 The fact that we have monolayer graphene is supported by three tech- Figure S4) show the moiré pattern due to substrate interaction. This moiré pattern is a clear proof of monolayer coverage. Also, the individual carbon atoms of the monolayer are clearly seen. Finally, the LEED shown in Figure S2 to adsorb molecules on the iridium surface followed by a flashing step to 1250
• C for 3 min without propene to create graphene islands with the same crystallographic orientation as the substrate. The TPG synthesis was applied twice to increase the amount of graphene islands.
After the second TPG step the sample was not cooled down to room temperature but only to 900
• C. After reaching this temperature, the CVD growth was carried out. Hereby propene was dosed (1 × 10 −6 mbar) for 15 min to grow graphene in the areas between the islands creating a closed monolayer of graphene without rotational domains with respect to iridium.
Finally the sample was cooled down slowly to room temperature to minimize the formation of wrinkles. Cs was deposited by evaporation from a commercial SAES getter source. The evaporated amount of Cs was calibrated by a quartz crystal microbalance. The amount of evaporated Cs monolayer reported in the paper are with respect to the bulk Cs structure.
Angle-resolved photoemission spectroscopy The laser powers used were ∼2 mW for the UV laser and 9 mW, 25 mW and 45 mW for blue, red, and green lasers respectively. Assuming that this energy gets spread over ∼4 µm 2 , we obtain power densities of 100 kW/cm 2 . Using lHe cooling and given the fact that graphene is directly on a metal, these laser powers result in a linear dependence of Raman intensity to the laser power. The position of the laser on the sample could be checked by a camera in the laser path. All spectra have been calibrated in position and intensity to the O 2 vibration at 1555 cm −1 (Ref. 76) . O 2 Raman peaks can be seen with all laser lines used in the present experiment which is consistent with the previous published works. 76, 77 Further precautions that we took in order to prevent laser heating induced effects is a study of the laser power dependence (see supporting information).
Calculations of the Raman spectra
Calculations of the doping dependent phonon shift 
Here σ is the charge carrier density per cm 2 and ω static is given in cm −1 . For calculation of the dynamic contribution, we need to consider
Here the sum goes over all points in the 2D BZ and f km = f ( km − F ) with f being the Fermi distribution function. For numerical integration, we have used a trigonal grid having ∼ 1000 points in the 2D BZ of graphene. ω is the phonon energy of the undoped system and δ = 10 meV a small broadening term. For the band structure calculations we have used a third nearest neighor tight-binding fit to the experimental ARPES band structure. 46 The corresponding dynamic shift is calculated by
Here M is the free electron mass, ω 0 the unperturbed phonon frequency of the G band and
In the calculations we used an artificially high temperature of T = 400 K in the Fermi distribution function as a means to describe doping inhomogeneities and charge puddles that can not be resolved spatially. A similar observation was made in previous works that have also used artificially high temperatures 37 or Fermi level smearing 16 .
Raman Intensity calculation
We consider the interference between the G band phonon Raman and electronic Raman scattering (ERS) pathways and write the Raman intensity as
where A G = ν A ν , is the G phonon scattering amplitude which consists of zone center (Γ point) ν = LO and iTO modes and A ERS is the ERS scattering amplitude. The phonon Raman process consists of (1) excitation of an electron-hole pair by the electron-photon interaction, (2) phonon emission by means of the electron-phonon interaction, and (3) electron-hole recombination and photoemission by the electron-photon interaction. Based on the three sub-processes, phonon scattering amplitude is given by
Here E L is the laser energy, E s is the scattered photon energy, E For the ERS amplitude A ERS , we consider the lowest order processes as shown in Figure   4 . In the first-order ERS, the photo-excited carrier excites an electron-hole (e-h) pair via
Coulomb interaction with zero momentum transfer (q = 0) or vertical transition. We note that the e-h pair is allowed to occupy a virtual state as the lifetime of Coulomb interaction is very short (∼ 10 fs). The first order ERS amplitude is given by
where E e k and Γ e = 60 meV are the energy of the excited e-h pair and the Coulomb scattering rate, respectively. If E L > E M (here E M is the M point transition energy), we expect that the photoexcited electron relaxes to the conduction band at the M point. In such a way we estimate E s = E M − E ex , where and E ex is the exciton binding energy, estimated to be 100 meV. For E L < E M , we expect hot luminescence 15 
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